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1 Introduction   
 
A comfortable and healthy indoor environment is 
influenced by thermal, hygroscopic and indoor air quality 
parameters. Internationally and nationally, building codes, 
guidelines and codes of practice set required or desirable 
levels for each separately, but their combined effects in 
real spaces are rarely considered.  
Industry standard assessment methods of the thermal 
envelope and internal environment outlined by the 
Chartered Institute of Building Services Engineers (2016) 
using steady and unsteady state mechanisms all show that 
infiltration will negatively affect internal comfort 
conditions. It will also increase energy consumption in 
winter and summer. Increasing a building’s airtightness 
will reduce the infiltration, contributing to comfort being 
achieved with lower levels of energy consumption.  
In contrast, increasing infiltration or ventilation through 
positive pressure systems (Pollard & McNeill 2012) will 
tend to reduce moisture particularly in winter conditions 
and reduce the risk of condensation, mould formation and 
its associated negative health impacts. Overton (2013) 
outlined a range of international airtightness standards 
and clarified these referred to uncontrolled airflow 
through gaps and cracks in a building structure, often 
referred to as infiltration, rather than to controlled 
ventilation either natural or mechanical. Despite there 
being no legislation in New Zealand limiting the 
airtightness of a building, McNeil, et al. (2015) identified 
that over the years New Zealand homes were becoming 
more airtight but in many cases were also under 
ventilated leading to high moisture levels. 
Indoor air quality (IAQ) comprises many measures 
detailed in the comprehensive literature review 
undertaken by Taptiklis & Phipps (2017), which also 
outlines the negative effects and the mechanisms that can 
contribute to poor IAQ. This paper will focus on particulate 
matter (PM) smaller than 10 microns (PM10) as this is the 
key measure used in New Zealand (Ministry for the 
Environment, n.d.) and total volatile organic compounds 
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(TVOC). Outdoor air contains a wide range of these 
contaminants. Wan, et al. (2015) found that in an office 
building, internal PM2.5 values increased with increased 
levels of infiltration. Taylor et al. (2014) used software to 
simulate internal PM2.5 values for 15 detached and semi-
detached houses in the UK and found that internal values 
represented by Indoor Outdoor ratio (I/O) values 
increased as infiltration increased by opening windows. 
Neither of the previous works explicitly compared 
measured and predicted levels to acceptable standards. 
Whilst the reduction of infiltration improves thermal and 
some IAQ measures, it potentially increases the risk of 
high humidity. In the research cited above, the impact of 
occupant generated moisture, VOC’s and PM levels has 
not been quantified and therefore does not account for 
the impact of infiltration on these conditions. The risk is 
that airtightness exacerbates unhealthy or uncomfortable 
conditions.  
A number of authors outline the variability that real 
occupants have on internal conditions. Lutzenhiser (as 
cited in Clevenger and Haymaker 2006), (Beerport & 
Beerport 2007). (Guerra Santin et al., 2009) and (Gram-
Hanssen 2010), reported variations of between 150% and 
300% on energy use in identical residential units. 
Mavrogianni et al. (2017) and Morgan et al. (2017) 
identified that occupant behaviours impacted significantly 
on overheating risks. Wallis et al. (2019a) investigated the 
impact of external and internal influences but controlled 
the human variable by exploring simulated occupancy 
conditions. The impact of increased airtightness on two, 
single story, New Zealand houses was measured over a 
wide combination of scenarios including natural and 
mechanical ventilation. Heat and moisture is generated 
replicating human activity. VOC’s and PM are produced 
using identical decoration and furnishings. This paper 
analyses specific data from this previous work, with a 
particular attention to the effects on the combined 
comfort and IAQ measures from airtightness of the 
external envelope. Recognising the tendency for New 
Zealand houses to have increasing airtightness and 
reduced ventilation, this paper focuses on naturally 
ventilated conditions.  
 
2 Methodology 
2.1 Case Study Houses 
The overall methodology used a comparative case study. 
The case study houses are constructed as part of 
carpentry student’s educational programme and are of 
identical volume and layout. The houses are single storied 
with three bedrooms and two bathrooms. Electrical and 
plumbing fittings are installed but not connected. The full 
methodology is outlined in Wallis et al. (2019b). Figure 1 
shows the location of the two houses with proximities to 
roads. North is to the top of the photograph. Bedroom 2 
shown in grey, is the focus of this study. 
 
Figure 1: House location and layout 
 
Table 1 outlines the construction details that are common 
to both houses and the separate details that contribute to 
the airtightness of the second house. Figure 2 shows an 
example of the wall construction detail of both houses 
indicating the detail that contributes to the increased 
airtightness by incorporating a vapour check barrier and a 
rigid air barrier. 
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Table 1:Construction details of the Control and Airtight Houses 
Element Common Details 
 Timber Frame on pile foundation 
Sub-Floor 150x25 radiata pine boards with 20mm gap 
Floor Particle board, foil insulation draped 100mm 
between joists (R= 1.3)  
Ceiling R3.6 polyester ceiling batts (R= 2.9),10mm 
plasterboard 
Glazing   
 
R 
m2K/
W 
SHGC Shading 
Coefficient 
Visible 
transmittance 
          0.26 0.74 0.86 80% 
 Control House Airtight House 
Roof Trussroof 
Coloursteel 
roofing on 
building paper  
Trussroof Coloursteel roofing 
on building paper vapour 
check wrap on bottom chord 
of trusses. 
Walls Cedar 
weatherboard 
cladding, 
natural finish 
Cedar weatherboard cladding, 
natural finish 
 20mm cavity 
battens 
20mm cavity battens 
 Building wrap  7 mm ply  
 90x45 radiata 
pine framing 
90x45 radiata pine framing 
 R2.5 polyester 
batts ( R = 1.9  
m2K/W) 
R2.5 polyester batts ( R = 1.9  
m2K/W) 
  vapour check 
  45mmx45 battens 
 10mm 
plasterboard 
10mm plasterboard 
 
Polyester batt R values in Table 1 are from Autex Industries 
(2019a, 2019b). Glazing data is from Nu Look (2019) 
 
Figure 2: Wall construction details 
Both houses were fitted with a mechanical ventilation heat 
recovery system (MVHR) but this was de-activated and 
openings sealed for the period of this investigation to 
eliminate its effect on the airtightness of the building 
envelopes. 
 
2.2 Airtightness 
Both houses were tested for air tightness using the 
standard blower door test following European standard 
EN 13829:2000. Openings associated with supply and 
extract ventilation and unconnected waste pipes were 
sealed for testing and monitoring. 
 
2.3 Data Collection 
Temperature, Relative Humidity and Dew Points 
Lascar EL-USB-2 Humidity and Temperature data loggers 
were set up to log the internal air temperature, relative 
humidity (RH) and dew points at hourly intervals. These 
units have a range of 0-100% RH and -35-80°C 
temperature. The sensors were located identically in both 
houses, suspended from the ceiling to 1.5m above the 
floor. Calibration against a mercury thermometer 
indicated an accuracy of ± 0.5°C. 
 
PM Readings 
Proprietary Dust Profilers employing optical particle 
counters were used to measure hourly PM10 
concentrations mounted at a height of 1.1m above floor 
level in line with ISO 7726:1998 (International 
Organization for Standardization, 1998) The sensor range 
for PM10 was 5000 µg/m3; with accuracy of < ± 5 µg/m3 + 
15% of reading. The minimum detection is 0.3 µm.  
 
TVOC 
Whole air samples were collected over a number of 
separate 24-hour periods at a nominal flow rate of 3.5 mL/ 
min using CS1200E flow controllers (PN 39-CS1200ES4, 
Entech Instruments Inc.). 
 
2.4 Simulated Occupancy 
Two occupants were simulated over the periods of 6-8am 
and 5-10pm. Thermal manikins (designed and built 
according to EN 14240:2004(E) (European Standard, 2004) 
simulated thermal output producing 100W per manikin. 
In addition 1500W electric heaters set to a constant 
thermostat setting and a 60W incandescent lamp also 
operated during the same time. Moisture output was 
simulated with two centrifugal humidifiers, located 1.1 m 
above the floor. These provided, a moisture output of 0.09 
kg/hr, equivalent to two people according to the 
Chartered Institute of Building Services Engineers (CIBSE) 
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Environmental Design Guide (2017). The shower in the 
bathroom was also operated at 7 minute intervals, 9 times 
during the daytime period to simulate moisture 
production equivalent of 13 litres/day to reflect cooking 
clothes washing and drying, washing dishes and 
showering. 
Both rooms had carpets and underlay installed on the 
same day. Furniture comprised a fabric chair and ottoman, 
composite wood coffee table and a side table. Walls were 
painted with an acrylic paint. 
 
2.5 Measurement Period 
Measurements were taken over a period from June 14th to 
July 6th as part of a programme monitoring the spaces 
under other interventions. At the end of this period 
conditions were changed with the MVHR system being 
turned on. Samples of the total measurement period have 
been selected to illustrate key, but representative trends 
and relationships of the whole data set. 
 
3 Results and Discussion 
 
3.1 Airtightness 
Table 2: Results of airtightness testing 
 Control ac/h Airtight ac/h 
Mean 8.27 2.15 
The figures above represent average air changes per hour 
of the whole house volume under the standard test 
conditions of 50Pa +ve and 50 Pa –ve. It indicates that the 
Airtight House has an air leakage rate of just over a quarter 
of the Control House. The Control House sits just outside 
the airtight classification for New Zealand houses which 
peaks at an airtightness of 5 ac/h. (Stocklein & Bassett 
1999). The Airtight House is comfortably in the airtight 
classification but is still well above the requirements of the 
Passive House Institute (2012) of 0.6 ac/h. 
 
3.2 Dry Bulb, Dew Point and Relative Humidity 
Figure 3 compares the levels measured from previous 
experimentation on the same houses over a winter period 
in 2013. Both houses had a free running internal 
environment with no active heating, cooling or humidity 
modification. Previous work (Birchmore et al., 2015) has 
indicated the strong influence that solar gain has had on 
internal conditions in the houses observing that both 
internal temperatures dew points varied closely with solar 
gain but with a lag of up to four hours. Therefore, Figure 3 
compares the measures and uses external solar gain as an 
indicator of external conditions. The pattern of days 
includes six days with high solar gain followed by a day 
with very low gain. It shows that internal air temperatures 
in both the Control and Airtight rooms follow very similar 
patterns with the Control room exhibiting slightly higher 
temperatures, but lower dew points and relative humidity. 
Figure 3: Control / Airtight Comparison - free running 
The difference was expected for the relative humidity and 
dew points as this is demonstrating the moisture vapour 
management properties of the vapour check materials. 
The properties are to keep vapour out of the structure in 
winter time by keeping it within the occupied space. It was 
expected that the airtight room with lower infiltration 
would show a higher internal air temperature as it was 
experiencing a smaller exchange with the cooler external 
air. However Figure 3 shows that this difference was very 
small with the control house actually experiencing slightly 
higher peak temperatures at a slightly later time. It was 
felt initially, that any lack of difference was due to the 
absence of any active internal climate control and that 
heating the space would show a larger difference. 
Figure 4: Control/ Airtight Comparison - Heat and 
Moisture On 
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Figure 4 shows comparable analysis over a winter period 
but with the room being exposed to the heating and 
moisture generation from the simulated occupancy 
equipment. The external weather patterns are similar: six 
days of solar gain followed by a day of very low gain; 
however the gains overall are lower. The external air 
temperature drops lower overnight than the free running 
period. The heating and humidification periods are shown 
by the pale grey boxes on the graph. The impact can be 
seen by the slower drop in air temperatures and an 
increase in dew point temperature after 5.00pm. During 
the morning simulated occupancy there is a slight increase 
in internal temperature and dew point, most noticeable in 
the Control room. Internal maximums are higher, reaching 
30oC, (despite the medium setting on the heater), 
compared to maximums of high 20’s in the free running 
scenario. The impact of heating and moisture on the 
Airtight room is slightly larger. Figure 4 shows a lower 
variation in the dew point compared to the unheated 
condition. Again, the additional vapour is being 
maintained in the occupied space by the vapour check 
membrane. Table 3 shows the differences of subtracting 
the Airtight conditions from the Control conditions in free 
running and heated and humidified conditions over the 
weeklong monitoring period. A positive difference 
indicates that the mean Control house readings are higher 
than means in the Airtight house.  
Table 3: Differences between Control and Airtight Houses 
 Free Running Heat and Humidity 
 Temp Humidity DP Temp Humidity DP 
 oC % OC oC % OC 
Mean 0.3 -4.5 -0.8 -0.8 -3.2 -1.6 
Max  2.5 0.0 1.3 1 1.5 0.7 
Min -0.5 -8.0 -2.1 -2.5 -8.5 -3.6 
Degree 
hrs 
-15   96   
 
This is not what the theory of reduced infiltration would 
expect. In a free running condition however, it could be 
possible that despite having identical insulation levels 
there are some ‘as built’ variations between the two 
houses. Under the heating and humidified conditions, the 
mean difference reverses with the Airtight temperature 
being slightly higher than the Control room. The average 
relative humidity is very similar but now with a much 
wider variation between maximum and minimum. The 
dew point is clearly higher in the airtight house with a 
similar variation between minimums and maximums. This 
is in line with theoretical expectations for the 
performance for the vapour check membrane in the 
Airtight room. However, the differences are very small and 
are unlikely to be sensed by occupants as different levels 
of comfort except at the extreme minimum conditions.  
 
The total difference in air temperature can be expressed 
in degree hours for the period and is shown in the bottom 
row of each table. A calculation of the actual energy usage 
and therefore costs was undertaken to further quantify 
the impact of the airtightness. The degree day technique 
is a simple manual method of predicting energy usage 
based on a comparison of external weather data to a 
known base temperature. The base is an outside 
temperature which triggers the need for active heating. 
The technique has been long used for estimating heating 
energy. Accounting for intermittent heating and useful 
heat gains requires the inclusion of factors that adjust the 
effective base temperature and can reduce accuracy of 
the predictions. In this case the base is not a theoretical 
calculation, but the actual temperatures measured in the 
Control and Airtight houses, removing the need for 
adjustment factors. In this instance instead of calculating 
the degree days to an external base, the difference of 
degree hours between the Control and Airtight house 
temperatures is available from the measured data. The 
degree hours are the product of the temperature 
difference between the control and the test house for 
each hour, measured outside the comfort level of 21OC. 
The equation below from CIBSE (2017) outlines the 
technique. 
F = 24 U’ Dd /h     
F = the seasonal fuel consumption kWh 
24 = factor to adjust to degree hours  
U’ = room heat loss coefficient kW/K  
Dd = degree days to a base 
h = seasonal system efficiency (COP) 
  
The heat loss from the room was manually calculated to 
be 294 watts with an inside outside temperature 
difference of 15 OC and assuming an all-electric resistance 
heater with a seasonal system efficiency of 1, the 
difference in fuel consumption over the seven days would 
be 1.88 kWh. 
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Table 4: Energy consumption implications 
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A simple extrapolation on a floor area basis to assume the 
same improvement over the whole house, with similar 
window to wall ratios and assuming all rooms and 
bedrooms are heated to the same extent, brings this to 
18kWh and a cost saving of $4.45 per week or 
approximately $90 over a 20 week heating season. In 
competition for customers, electricity supply companies 
may well propose $90 as worthwhile saving, however this 
depends upon the perspective of the occupants and the 
additional costs associated with the airtight layer if 
building from new. The simplicity of projected seasonal 
saving assumes the same external conditions throughout 
the whole heating season. A more complex hour by hour 
analysis is unlikely to provide a significantly larger saving.  
3.3 Particulate Matter 
Figure 5 shows the results of hourly internal PM10 
measures over a seven-day period of analysis to show key 
trends. The levels clearly fall and rise in both houses at 
times that coincide with the heating and humidification of 
the spaces. At the start of the period the levels are close 
together, but the results also show the Airtight room 
values dropping well below those of the Control room but 
then regaining levels later.  
 
Figure 5: PM10 values in Control and Airtight rooms 
 
Figure 6 shows the variation in the Control house plotted 
against internal thermal and hygroscopic measures. 
Temperatures, dew points and RH levels can be seen to 
rise as expected during periods of active heating and 
humidification (shown in grey). The increases in the 
Control room PM10 levels appear to be roughly 
proportional to the duration of the simulated occupancy.  
Figure 6: PM10 Control room 
 
Figure 7: PM10 Airtight room 
 
Figure 7 shows a similar rise and fall in the Airtight room 
but with peaks that drop steadily over the period. Figure 
5 shows that over the following days the peaks rebuild to 
levels similar to the Control room. The diurnal variations 
are caused by particles that have settled on surfaces, 
resulting in low readings, are re-suspended from surfaces 
by increased air movement from buoyancy currents 
created by heating from the manikins, space heaters and 
humidifiers. When these interventions turn off, the PM 
deposits back on room surfaces. The difference between 
PM10 readings in each room show no strong connection 
with the expected impact of airtightness of the spaces. 
The differences are small for periods and then increase. 
Particulates generated internally do not appear to be 
exhausted to outside via infiltration mechanisms.  
Hernandez et al. (2017) showed that external PM10 levels 
over an eight-week period in winter follow a similar 
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pattern with peaks in the morning and evening. These 
coincided with morning traffic and evening use of wood 
burning fires. However typical peak and average levels 
were much lower than those observed in Figure 5. The 
peak for external winter PM10 level only reached 74.7 
µg/m3 once over the entire monitoring period with typical 
peaks between 15 and 25 µg/m3. Wallis et al. (2019b.) 
monitored internal PM10 levels in the unoccupied 
unfurnished rooms. They found the Control room also to 
have internal levels higher than the Airtight room, but that 
overall levels were significantly lower than external levels 
at the same time. The unoccupied levels were much lower 
than the levels measured with the simulated occupancy. 
The increase in levels measured over those measured 
externally and without simulated occupancy gives 
confidence that these levels shown in Figures 6 and 7 are 
due to the simulated occupancy interventions.  
 
 
Acceptable Levels 
Both rooms spend time over the maximum limit of 50 
µg/m3 recommended by the World Health Organisation 
WHO (2006). Table 5 indicates that the average for the 
airtight house is lower and spends significantly less time 
over these levels. This is contrary to intuitive expectation 
that the Airtight room would retain any particulates more 
completely than the Control room.  
 
Table 5: Acceptable limit exceedance 
 Control Airtight 
Average µg/m3 45 33 
No. > 50 µg/m3 34 14 
% > 50 µg/m3 41% 17% 
 
3.4 TVOC’s 
Figure 8: TVOC levels on the Control and Airtight house 
 
Figure 8 shows the collection of TVOC levels over a 24hour 
period, on intermittent days. The TVOC’s levels build up 
over the 24-hour period, but as the method does not 
capture hourly measures, the final measure is shown as 
constant throughout the day for clarity. The values in the 
Airtight room are consistently and significantly higher 
than those in the Control with a maximum difference of 
300%. With the exception of readings over one period 
when the Airtight room reading increases significantly, 
TVOC’s rise and fall consistently in both the rooms. 
Figure 9: Periodic TVOC levels in the Control Room 
 
Figure 10: Periodic TVOC levels in the Airtight Room 
 
Figure 9 and 10 show there is no obvious connection 
between the TVOC levels and internal temperatures, dew 
points or RH’s in either the Control or the Airtight room. 
The Airtight readings are much higher during similar 
internal conditions. The highest TVOC level shown in 
Figure 8 occurs in the Airtight room at a time when diurnal 
variations were low as a result of low solar gain and high 
steady RH levels, but the TVOC increase is 
disproportionally larger than the increase in RH or the 
decrease in air temperature and dew point. There was no 
obvious new source of TVOC in the Airtight room or 
building as a whole so the increase on this particular day 
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is unexplained. At other times the variations of TVOC 
levels are very small, irrespective of changes in comfort 
measures between days. The TVOC collection 
methodology prevents comparison of the parameter with 
the diurnal heating and humidification of the spaces. The 
elevation of TVOC readings in the Airtight space fits with 
the principle that the airtight structure contains the 
contaminants better than the Control Room. 
 
Acceptable Levels 
There are no New Zealand guidelines for acceptable levels 
of TVOC’s. Pluschke (1999) summarised that in Finland 
600 µg/m3 is quoted in the building code with 200 µg/m3 
as a level where 90% of the occupants will be satisfied. In 
Germany a target level is 300 µg/m3 and in the USA 200 
µg/m3. With any of these standards the Control house is 
well below and the Airtight house well above. 
 
4 Conclusion 
4.1 Dry Bulb, Dew Point and Relative Humidity 
In terms of occupant comfort measures, the Airtight room 
showed very little benefit when compared to the Control 
house in the unheated state. Simulated occupancy 
increased the benefit slightly but again occupants are only 
likely to sense a difference in the very coldest conditions 
which occurred between the hours of 2.00am to 5.00am, 
when most occupants would be sleeping. Monitoring of 
the electricity consumed by the 1500W finned heaters 
would have provided additional insight into the impact of 
the airtight structure. Simple calculations indicate that the 
energy and financial implications would also be small. 
Extrapolations of the room data to the whole house and 
for a whole season risk over estimation of the impacts. 
However, the benefits are small but tangible. Using the 
monitored data for the bedrooms and other spaces in the 
house would make a reliable base with which to ratify a 
full computer simulation. This would enable full seasonal 
benefits for the complete house to be reliably predicted 
which would in turn enable a valid prediction of the full 
financial benefits that might then be used to gauge the full 
life cycle benefits of airtightness. This simulation once 
ratified could then be applied to locations with more 
extreme winter and summer conditions to build guidance 
for nationwide practice. 
 
4.2 Particulate Matter 
Simulated occupancy clearly created conditions in both 
houses that elevated PM10 readings above recommended 
levels for significant amounts of time. Increasing 
airtightness had an unexpected positive effect on these 
readings for short periods in the testing period and at 
times this reversed to a small negative effect, compared 
to the Control room. Reasons for this reversal are unclear 
but difference in readings between rooms are much larger 
that the margins of accuracy for the sensing equipment. 
An explanation maybe that significant variation in the PM 
can be created by identical furnishings and environmental 
interventions. Additionally the PM may be re suspended 
quite differently by very similar occupancy effects. The 
particulates generated by the simulated occupancy do not 
seem to be exhausted to outside via infiltration 
mechanisms. In light of the trend for new homes to 
become more airtight but under ventilated and the 
observation that acceptable limits are exceeded for 
significant amounts of time the interaction between PM10 
values and airtightness warrants more detailed 
examination. 
 
4.3 TVOC 
The control house is significantly less airtight than many 
houses currently being constructed, and the Airtight 
house is more so. Locally there was no strong connection 
between internal TVOC’s and the external climate. 
Measures in the two rooms straddle published acceptable 
international guidelines with the Airtight room exceeding 
the highest levels permissible in the northern hemisphere 
throughout the period of monitoring. More research 
needs to be undertaken to develop a reliable target for air 
change rates either natural or mechanical that will enable 
the achievement of acceptable TVOC levels.  
 
4.4 Friend or Foe? 
Airtightness appears to be both friend and foe in the 
houses being examined. A clear foe with regard to TVOC’s 
and an inconsistent friend when considering PM, thermal 
and hygroscopic comfort. Whilst the differences of the 
airtightness of the full-scale buildings were measured, 
there could have been other differences between the 
individual rooms being investigated. With airtightness 
being included in the review of New Zealand building 
regulations, there are strong indications that reduced 
infiltration on its own is not beneficial to all measures of 
internal environmental quality. Some level of active, 
controlled ventilation will have a minimal negative effect 
of comfort and energy but a likely positive effect on IAQ 
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measures. This lack of clarity combined with the trends of 
increasing airtightness on new build homes in NZ points to 
a need for significant further research with the view to 
influence future building regulation that can balance the 
needs of occupant comfort and health. 
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